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Abstract 
The health of orifice plays an important role in the performance of any abrasive waterjet injection 
system. The condition of orifice is quasi-static since its geometry changes with time due to the 
erosive nature of water jet. This results in poor jet quality, ineffective entrainment of abrasives 
and subsequently poor cutting performance and reduced life of focusing nozzle. In order to assess 
the health of orifice, an attempt is made to monitor the condition of orifice by monitoring the 
pressure of water closer to orifice i.e. at the upstream side, employing a high pressure sensor. In 
this work, the static and dynamic status of pressure inside the mixing chamber is studied for 
various orifices, including good and bad orifices. Further, the optical examination of orifices and 
the visualization of jet emerging out of these orifice supplemented this study. At the end, a 
strategy is evolved for assessing the condition of the orifice. 
 
Keywords: Abrasive waterjet cutting, AWJ condition monitoring, visualization of jet structure, orifice life, 
AWJ pressure monitoring 
1 Introduction 
In Abrasive Waterjet (AWJ) cutting, high velocity water entrained with abrasive particles is 
employed for cutting a wide variety of materials ranging from soft to hard materials. AWJ cutting 
is a complex process whose performance is influenced by several process parameters such as jet 
pressure, abrasive flow rate, abrasive particle size, standoff distance, traverse rate, orifice 
diameter, focusing nozzle diameter, focusing length etc. (Momber, 1998). The process parameters 
can be classified into three groups such as dynamic variables, quasi-static variables and static 
variables. The dynamic variables include waterjet pressure, abrasive flow rate, traverse rate and 
jet angle. The quasi-static variables cover the size of water orifice and focusing nozzle. The static 
variables include abrasive material, size of abrasive and mixing tube length. Out of these 
parameters, the dynamic variables are controllable whereas the quasi-static variables are 
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uncontrollable (Hashish, 1997). The bore size of orifice and focusing nozzle influence the 
efficiency and quality of cut achieved with abrasive water jets in a significant way (Hashish, 
2003). This is due to the fact that the orifice and focusing nozzle play a critical role in 
accelerating water and transfer momentum from water to abrasive particles respectively. 
Generally, the ratio between focusing nozzle diameter to orifice diameter is maintained at 3:1 for 
achieving the maximum efficiency of cutting (Chalmers, 1991). Their ratio beyond 5:1 can cause 
an ineffective entrainment of abrasives in cutting head (Jegaraj and Babu, 2005; Hashish, 1991). 
Further, any change in orifice size will influence the flow rate of water and mixing of abrasives in 
the mixing chamber and thus affecting the depth of cut (Hashish, 1986; 1991). Larger size of 
orifice enhances the hydraulic power of jet but it reduces its energy density on the work material. 
Smaller size of orifice produces a highly coherent jet to produce a narrow kerf. Depending upon 
the discharge capacity of hydraulic intensifier, the size of orifice can be changed to a certain 
extent beyond which the performance of system deteriorates. The size of orifice contributes to 5% 
change in depth of cut, 3% change in roughness on cut surface when its size is varied from 0.25 
mm to 0.4mm (Jegaraj and Babu, 2005). Thus, all these suggest the need to choose an appropriate 
size of orifice in the cutting head and maintain its size within certain range for realizing precision 
cutting results with waterjets. In practice, the size of orifice is quasi-static since its geometry 
changes with time due to the erosive nature of water jet. Though the operational life of an orifice 
made out of sapphire is about 100 hrs, it is prone to sudden damage on orifice due to poor quality 
of water, high frequency impact of water particles combined with suspended solids and wear 
debris of the hydraulic system. During the continuous operation of waterjet system, the dissolved 
salt particles in water gets precipitated on the edges of orifice, leading to build up of hard salt 
particles and consequent breakage of orifice. This results in poor jet quality, ineffective 
entrainment of abrasives and subsequently poor cutting performance and reduced life of focusing 
nozzle. 
From the above, it is evident that the orifice size cannot be maintained to be the same 
throughout cutting and it is also not economical to replace the orifice at regular intervals. Hence, 
it is important to develop a suitable monitoring strategy for monitoring the status of orifice 
continuously and to control the process settings in order to ensure consistent results with AWJs 
for precision cutting applications. 
Review of literature clearly indicates the limited efforts on monitoring the condition of orifice. 
Hashish et al., (1986) proposed two approaches such as acoustics-based approach and vacuum 
based approach for monitoring the condition of orifice. In acoustics based approach, the variations 
in acoustic signature were correlated to the changes in the shape of jet near the orifice. In vacuum 
based approach, the vacuum level in the mixing chamber was correlated to the condition of the 
orifice. As these approaches are indirect methods, they may not accurately assess the condition of 
orifice. Hence, the scope of augmenting these approaches with other approaches becomes an 
imperative need for assessing the condition of orifice. Earlier attempts essentially considered the 
fluctuations in high pressure sensor signal in order to study the fluctuations in the pressure of 
water discharged by the intensifier (Tremblay, 1999). Annoni et al (2007) studied the 
relationships between the electric signals and the mechanical and fluid-dynamic signals in order 
to develop an online monitoring and diagnostic system based on electric signal processing for 
Ultra High Pressure abrasive waterjet systems. Goletti et al, (2013) monitored the health status of 
the machine by studying the pattern of the pre-compression or compression strokes change by 
using the multiple linear signals from linear position sensors mounted on the pump. The orifice 
breakage is correlated to the variations in the compression phase monitored through the position 
sensor. In the present work, an attempt is made to monitor the condition of orifice by monitoring 
the pressure of water closer to orifice i.e. at the upstream side, employing a high pressure sensor. 
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Very few attempts were made to analyze the electrical signals based on the fluctuations in 
pressure of water for detecting the variation in the size of orifice. In practice, large fluctuations in 
water pressure occur due to an increased discharge, beyond the discharge capability of the pump, 
through orifice when the orifice is worn out excessively or is badly damaged. Precise monitoring 
of the dynamic state of water pressure fluctuations and appropriate signal analysis can perhaps 
reveal the condition of orifice to a great extent. Therefore, the aim of current work is to develop a 
reliable monitoring system based on Power Spectral Data analysis for assessing the health of 
water orifice employing a high pressure sensor.  
1.1 Background Theory 
In AWJ cutting system, the passage of water through a cutting head can be divided into three 
different zones. i) zone A – the region at the upstream of orifice; ii) zone B – the region between 
orifice and focusing nozzle and iii) zone C – the region beyond the exit end of focusing nozzle as 
shown in Figure 1.  
 
Figure 1: Schematic diagram showing different zones in cutting head 
 
In zone A, high pressure water is converted into a fine jet of water with high velocity after it 
passes through a tiny orifice. In zone B, the abrasive get entrained in water forming a slurry of 
water and abrasives. In zone C, the slurry of water and abrasives emerges out of focusing nozzle 
at high velocity as a coherent abrasive water jet. The exit velocity of water from orifice, in zone 
B, can be determined using Bernoulli’s equation (Momber, 1998)  
 
2 2
1 2
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V VP Pρ ρ+ = +  
 
(1) 
where 1P and 2P  are the pressure of water at entry and exit of orifice, 1V  and 2V  are the velocity 
of water at entry and exit of orifice, ρ  is the density of water. Assuming the initial velocity of 
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water as negligible i.e. 1V = 0, the theoretical velocity of jet exiting the orifice can be determined 
from the relation: 
1
2
2
   th
PV V
ρ
= =  
 
(2) 
The theoretically estimated volumetric flow rate of water through orifice depends on the size 
of orifice and the velocity of jet. Using the continuity equation, the theoretical flow rate of water 
(Qth) through orifice can be determined from  
0 th thQ A V=  (3) 
where A0 is the area of orifice. Due to viscous friction and blockage of flow area by the boundary 
layer in the orifice, the actual flow rate of water will be different from the theoretically estimated 
flow rate.  By considering the coefficient of discharge of orifice, the actual flow rate of water can 
be obtained from the relation: 
1
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Any intensifier is bound to maintain the design pressure at the upstream of orifice within its 
discharge capacity. Thus, the maximum size of orifice can be determined based on the discharge 
capacity of intensifier. The discharge capacity of intensifier 
intensifierQ  can be estimated from  
2
intensifier piston s sQ = d L N4
π  
(5) 
where dpiston is the diameter of piston compressing the fluid in the intensifier, Ls is the length of 
stroke and Ns is the stroke speed of intensifier which depends on the pressure to be maintained and 
the discharge rate. With any given intensifier, the set pressure can be maintained till the 
volumetric flow rate of water discharged through the orifice is less than the maximum discharge 
capacity of intensifier   
2 intensifierQ Q≤  (6) 
If the area of orifice Ao, increases beyond the specified size of orifice for any intensifier, the 
pressure of water at the upstream of orifice as well as the velocity of water jet drops. This will in 
turn affect the coefficient of discharge of orifice. Since the feedback system incorporated in the 
hydraulic circuit of intensifier attempts to maintain the set pressure, the reciprocating motion of 
piston in the intensifier becomes faster. Even with double acting intensifiers having two plungers, 
this phenomenon can occur which can cause considerable fluctuation in output pressure due to the 
dead band caused by switching of hydraulic oil with control valve, slow acting check valves etc. 
In any case, the fluctuations in water pressure are undesirable for precision machining results with 
waterjet and abrasive waterjet as these fluctuations affect the quality of cut. Generally, the 
pressure pulsations, occurring during reversal of hydraulic piston, are minimized by an attenuator, 
typically mounted on high pressure line, supplying the water at constant pressure to nozzle.  In 
hydraulic system with double acting intensifier, two processes such as pressurization process and 
depressurization process occur for every cycle of the piston. During the pressurization process, 
each stroke of plunger consists of two phases –acceleration phase and superseding phase. The 
acceleration phase is a phase of movement when water in the cylinders is still in compressed state 
which raises the pressure of water. During this phase, the plunger moves very rapidly as the fluid 
pressure in the cylinder at the beginning of stroke is relatively less and the net force driving the 
plunger is high. This phase may last for a few milliseconds normally. The duration of this phase 
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depends on the mass of piston and the multiplication ratio. The superseding phase is the phase 
when high-pressure water becomes stabilized i.e. reaches its maximum, and the system is 
balanced. The duration of this phase depends on the size of orifice and the geometrical parameters 
of high-pressure cylinder (Tunkel, 1997). Depressurization occurs when the valves are open or 
any leaks occur. Hashish (2002) explained the depressurization process mathematically and 
shown that any increase in the instantaneous water flow rate causes a drop in pressure of water.  
This may leads to the fluctuations in the upstream pressure for any set pressure with a fixed 
attenuator volume.  In high-pressure systems with intensifier pumps, the range of pressure 
fluctuations will fall between 2.5% and 5.4%. Attempts were made to study the dynamic variation 
of water pressure due to the stroke of hydraulic intensifier by employing a pressure transducer in 
the upstream of orifice. This study has shown that the percentage of fluctuation in pressure due to 
intensifier stroke is around 9% to 10.5 % (Tremblay, 1999). However, the effect of any increase 
in the size of orifice on pressure fluctuations and the drop in pressure of water at the upstream of 
orifice for any particular system is not well investigated. 
2 Methodology 
In order to study the influence of orifice size on the fluctuation of water pressure at the 
upstream of orifice, four new orifices of different size were selected from the range of 0.25 mm to 
0.4 mm diameter. Table 1 presents the details of these orifices. In order to consider the realistic 
situation of system with bad and orifices with non uniform wear, two used orifices were selected 
and their geometry details are given in Table 1. G1, G2, G3 and G4 are a set of new orifices. B1 
and B2 are used orifices that are relatively bad in their condition. Orifice B1 was used for about 
10 hours in abrasive waterjet cutting system and the orifice B2 has a visible crack in the sapphire 
orifice plate, producing a poor jet structure, less jet coherence and poor entrainment of abrasives. 
  
Table 1: Orifices selected for experimentation 
Type of orifice Identification Orifice diameter  (mm) 
New orifices 
with good geometry 
G1 0.25 
G2 0.30 
G3 0.35 
G4 0.40 
Used orifices 
with bad geometry 
B1 0.25 (Initial Bore Size) 
B2 0.25 (Initial Bore Size) 
 
The quality of each sapphire orifice was examined under an optical microscope at a 
magnification of 100x to 200x before its use for experimentation. Further, the structure of jet as 
well as its divergence was observed with a high resolution digital camera by allowing the water 
pressured at 100MPa through each orifice. In order to monitor the pressure of water at the 
upstream of orifice, a high pressure sensor, held in a specially designed attachment, was mounted 
at the entry region of waterjet cutting head. With each new and worn out orifices placed in the 
cutting head, the fluctuation in the pressure of high pressure water in the upstream of orifice was 
examined with high pressure sensor. This study essentially covered the collection of data on 
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pressure variations at different set pressures of water, varied between 100MPa and 250MPa, with 
orifices of different sizes and condition and its analysis with different signal processing 
techniques. It attempts to bring out the correlation between the signals analyzed and the condition 
of orifice for demonstrating the effectiveness of proposed monitoring system. Finally, this work 
suggests the condition monitoring system with high pressure sensor is useful for adaptive control 
of AWJ cutting process. Further, this system clearly gives the fluctuation range beyond which the 
need to replace the orifice for ensuring consistent performance with AWJs. 
3 Experimental work 
3.1 Optical examination of Orifice 
The optical examination of different orifices was carried out with the help of optical 
microscope fitted with image analyzer (Make: Leitz Metallux 3, magnification range 50x – 
1000x; resolution 25000A). The images of new orifices: G1, G2, G3 and G4 and worn out 
orifices: B1 and B2 are shown in Figure 2 and Figure 3 respectively. The photographs of orifices: 
G1, G2, G3, and B1 were taken at 200X magnification and the orifice G4 and B2 were taken at 
100X magnification.  All the orifices were thoroughly cleaned in an ultrasonic cleaning bath 
before obtaining these images. The image of orifice B1 shows the presence of fine salt particle 
deposits and a slight chipping around the sapphire edge. The image of orifice B2 shows the 
predominant crack and chipping on orifice edge. 
 
 
Figure 2: The optical images of different orifices: G1, G2, G3 and G4 employed for experimentation 
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Figure 3: The optical images of the worn out/damaged orifices chosen for experimentation 
3.2 Visualization of jet structure  
To visualize the structure of jet emerging out of different orifices, a digital camera (Fuji 
FinePix 6.1 mega pixels with Nikon 24-120 mm zoom lens) was used. For all the experiments, the 
pressure of water was set at 100 MPa and the abrasive feed line was closed. For capturing a good 
structure of jet, the focusing nozzle was removed from the mixing chamber. The camera was 
placed at a distance of 1 m from the jet and was aligned in its mounting stand so that it was made 
parallel to the plane of jet. To avoid any splashing of jet, the catcher tank was covered, leaving a 
small hole and the jet was made to pass through this hole. A black background was provided at 
the back of the jet in order to have a contrasting images of jet. The images of jet were taken by 
considering all orifices discharging pure water jet. Figure 4 shows the digital images of jet 
structure, emerging out of orifice with the pressure of water set at 100MPa. These images show a 
high intensity central core region with a diffused region existing at the periphery. Figure 5 shows 
an image of the jet structure emerging out of orifices B1 and B2 with the pressure of water set at 
100 MPa. It shows the disturbed and incoherent jet emerging out of bad orifice. 
To quantify the divergence of jet at the exit of orifice, the digital images of jet were processed 
using the image processing software (Dewinter Material Plus Ver.1.01). The software is capable 
of adjusting the contrast and measuring linear distances by calibrating it with known dimensions. 
As it is not possible to measure the width of jet immediately after the orifice, due to the presence 
of mixing chamber, the core width of jet at the exit of mixing chamber was measured using the 
image processing software. 
Moreover, the exit of mixing chamber is the region of interest as it is the region of entry of jet 
into the focusing nozzle. Jet having its width more than the diameter of focusing nozzle will affect 
the extent of entrainment of abrasives and also the coherence of jet emerging out of focusing 
nozzle. In this case, the distance between the exit of orifice and the exit of mixing chamber was 
measured and found to be 30 mm. At this region, the width of jet was obtained using the image 
processing software and the same is shown in Figure 6. 
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Figure 4: Digital photograph of jet structure emerging from different orifices: G1, G2, G3 and G4 employed 
for experimentation (Waterjet pressure: 100 MPa) 
 
 
 
Figure 5: Digital photograph of jet structure emerging from damaged orifices B1 and B2 employed for 
experimentation (Waterjet pressure: 100 MPa) 
 
. 
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Figure 6: Variation in width of jet at the exit of mixing chamber for different orifices G1, G2, G3, G4, B1 
and B2  (Waterjet pressure : 100MPa) 
 
From the trend shown in Figure 6, it is clear that the orifices G1, G2, G3 and G4 produced the 
width of jet in the range of 0.5mm to 1.4 mm. In case of orifice B1, the demarcation between the 
core of jet and diffused region is not clear and the jet divergence is found to be high with jet width 
reaching around 3.7 mm. In case of orifice B2, the structure of jet is very much disturbed and the 
width of jet is found to be around 5.2 mm. Since the width of jet produced with orifice B1 and B2 
is more than the entry diameter of focusing nozzle, the coherence of jet at the exit of focusing 
nozzle will be very much affected when the focusing nozzle is attached to the mixing chamber. 
This will also result in poor entrainment of abrasives in AWJ due to accumulation of water inside 
the mixing chamber. Due to large divergence of jet and its interaction with the walls of mixing 
chamber, the energy of jet can also decrease. This study suggests that the diffused jet diameter 
should be less than the entry diameter of focusing nozzle and the core diameter of jet should be 
less than the bore diameter of focusing nozzle. In practice, the structure of jet emerging out of 
orifice will not be visible and any damage to the orifice will not be detectable. Any slight damage 
in the orifice will affect the jet performance in terms of poor penetration, poor surface finish and 
large kerf width. In order to ascertain the worn out condition or damage to orifice in Abrasive 
Waterjet Cutting System, the present work proposed to monitor the health of orifice with an 
online monitoring system.  
 
3.3 Monitoring of water pressure at the upstream of orifice 
In order to estimate the pressure drop and the fluctuation of water pressure at the upstream of 
orifice with varying geometry and sizes of orifice, a high pressure sensor was mounted very close 
to the orifice. A foil strain gauge type high pressure sensor (Hottinger Baldwin Messtechnik, 
Model: P3MBP/5000 bar) capable of measuring the absolute pressure in the range of 0 bar to 
5000 bar with a resolution of 2.5 bar was chosen to measure the static and dynamic pressure in 
zone A. The sensor signals are captured using a storage oscilloscope and the same are processed 
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with a dedicated image processing software. Figure 7 shows the photograph of the set up with 
high pressure sensor. 
 
 
Figure 7: Photograph showing the high pressure sensor in experimental set up 
 
The analog signal detected by high pressure sensor, is filtered and is amplified to a range of 0 
V to 10 V with the help of carrier frequency amplifier. The carrier frequency amplifier is set to 
generate one volt for a change of 50 MPa waterjet pressure with a resolution of 0.5 MPa. The data 
acquired from the pressure sensor, located at the upstream of orifice, in both time and frequency 
domains was used to derive the necessary information for analyzing the status of cutting head. 
The variation of voltage in the range 0V to 10V was recorded in a storage oscilloscope 
continuously for a period of 20 seconds and the same is then converted into a digital signal using 
an analog-to-digital converter. The signal is sampled at a frequency of 100 Hz. A set of 2000 
digital data points obtained from the analog signal is transferred into the digital computer through 
a GPIB interface.  
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Figure 8: Schematic diagram of the experimental setup with data acquisition system 
 
The time domain signal, obtained from high pressure sensor with each size of orifice,  G1, G2, 
G3, G4, B1 and B2, maintaining waterjet pressure at 100 MPa, 150 MPa, 200MPa and 250 MPa, 
is shown in Figure 9. With an orifice of 0.25 mm, the fluctuation in the measured pressure of 
water was less and is found to lie in the range of 5% to 6.5 % with the pressure of water varied 
from 100 MPa to 250 MPa. But, this fluctuation has substantially increased to a level of 13% to 
18.5% when the size of orifice was increased to 0.4mm with the pressure of water maintained at 
100MPa and 250MPa. Similarly, the fluctuations are noticed as high as 20% with the damaged 
orifice of 0.25mm delivering the water maintained at a pressure of 250MPa.  
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Figure 9: Variation of measured pressure using high pressure sensor with time employing different sizes of 
orifices and waterjet pressures 
 
Figure 10 shows the variation in the average value of measured pressure of water with 
different sizes of orifice. It can be noticed that the measured pressure of water is almost equal to 
the pressure set on the control panel when the size of orifice was at 0.25 mm, i.e. recommended 
size of orifice for the intensifier with a maximum discharge capacity of 2.2 litres/min. With an 
increase in the size of orifice, the measured pressure of water is found to deviate from the set 
pressure and is seen to vary in the range of 10% to 16% when the size of orifice was changed to 
0.35mm at set water pressure of 250MPa. This deviation has further increased to a range of 23% 
to 30% when the size of orifice was at 0.4 mm at the set water pressure of 250 MPa. A similar 
pattern can be noticed with worn out orifices: B1 and B2. The deviation is found to be very high 
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of the order of more than 50% for damaged orifice B2. All these studies clearly demonstrate the 
possible use of high pressure sensor for detecting a large increase in the size of orifice due to its 
wear or damage during the operation. When the signals from the pressure sensor were analyzed in 
the frequency domain, the scenario is seen to be different.  
 
 
Figure 10: Variation of measured waterjet pressure with respect to the set waterjet pressure for different 
sizes of orifices 
 
Figure 11 shows the power spectral density of the signal measured with different sizes of 
orifice employed at various pressures of water. The power spectral analysis of the signal clearly 
showed a peak in the power of the signal at frequency range of 1Hz to 2Hz. With an orifice size 
of 0.35 mm, the peak seen in the frequency range of 1Hz to 2Hz has 6 times the power noticed 
with orifice of 0.25 mm and 0.3 mm. But, with an orifice of 0.4 mm, the power at 2 Hz is 5 times 
higher than that noticed with 0.35mm diameter orifice.  A similar pattern was noticed even with 
bad orifice B2.  
In Figure 12, the variation in the peak amplitude of power for different sizes of orifice with set 
water pressure of 100 MPa, 150 MPa, 200 MPa and 250 MPa can be seen. It can be observed that 
the peak value increased with an increase in water pressure and is quite significant with an orifice 
of 0.35mm and is substantially large with an orifice size of 0.4 mm and at higher water pressure 
of 250 MPa. This could be attributed to larger fluctuation in pressure at low frequencies in the 
upstream of orifice. Both the deviation in average pressure and peak power in the frequency range 
of 1Hz – 2 Hz can be employed to identify the variation in the size of orifice beyond 0.30 mm. 
From the above, it is clear that high pressure sensor, mounted in the upstream of orifice, is 
suitable for online monitoring of the status of orifice in the cutting head. 
In abrasive waterjet cutting systems that are remotely operated or the waterjet cutting systems 
with inbuilt diagnostic systems may consider to incorporate the high pressure sensor at the 
upstream of the orifice whose output signals may be monitored for static and dynamic 
fluctuations continuously. If any sudden increase in the amplitude of Power Spectral Density 
beyond certain value (based on the design of the high pressure pump) approximately more than 3 
times the initial amplitude value with new orifice may be captured and indicated as the failure of 
the orifice or the time due for the change of the existing orifice to new orifice.    
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Figure 11: Variation in the power spectra of the signal measured with high pressure sensor employing 
different sizes of orifice and waterjet pressures 
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Figure 12: Variation in the peak amplitude of power spectrum of the signal measured with high pressure 
sensor employing different sizes of orifice and waterjet pressures 
 
4 Conclusions 
In this paper, a method for assessing the health of water orifice by monitoring the static and 
dynamic pressure status at the upstream of the orifice is discussed. This experimental study was 
supplemented with optical examination of orifices and visualization of jet structure emerging 
from the orifices considered for experimentation. The measured static pressure inside the mixing 
chamber and the amplitude of power spectra of the pressure variations inside the mixing chamber 
show a clear and well distinguished demarcation between good and bad orifices. Moreover, the 
results of this study implies that, any sudden increase in the amplitude of Power Spectral Density 
beyond certain value, approximately more than 3 times the initial amplitude value, with new 
orifice and the deviation in the measured static pressure inside the mixing chamber with respect to 
the set pressure beyond 10% may be indicated as the failure of orifice or the time due for the 
change of existing orifice with new orifice.  
Further, the proposed condition monitoring system with high pressure sensor can be mounted 
in high pressure line at the upstream of orifice and the above strategy may be incorporated in the 
diagnostic system of Abrasive Waterjet System to assess the condition of orifice. This proposed 
strategy with the condition monitoring system augmented with other diagnostic systems may lead 
to a reliable and intelligent Abrasive Waterjet Cutting System that can produce high performance 
and consistent results. 
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